INTRODUCTION
Lacustrine ecosystems vary across the world in their form, origin, age and biodiversity ranging from ancient natural lakes of Tertiary age, such as Lake Baikal and Tanganyika, to newly created artificial lakes and impoundments constructed for human use. Most lakes throughout the world have been modified, intentionally or unintentionally, by human activity. Many are used as a source of water for irrigation, drinking water supply and hydro power. Large lakes especially have been hydrologically controlled to prevent flooding and modified to create reservoirs for potable water supply causing habitat instability, particularly in the littoral zones, and water abstraction in dry and subhumid regions of the world have caused severe problems for flow and water-level causing, in some cases, salinisation or complete desiccation.
In addition to such hydromorphological modifications lake ecosystems have been significantly changed over time by accelerated infilling rates caused by soil erosion, by excessive nutrient and organic matter loading, by acid deposition from fossil fuel combustion and by the release of toxic substances directly and indirectly, through air pollution, to rivers and lakes. Many have been altered by the impact of invasive species and there are concerns over the impact of climate change and long-distance atmospherically transported pollutants, especially nitrogen.
In developed countries in particular, programmes of pollution control and habitat restoration are in place aiming to improve the health of freshwater ecosystems (e.g., US Clean Water Act, EU Water Framework Directive, Australian National Water Initiative), but their success is as yet limited and their future is uncertain. Lake ecosystems typically are affected by many stresses acting together, ecological resilience has been reduced or lost and new threats, especially from climate change, may impair restoration strategies.
Identifying and disentangling the relative roles of different kinds of human activity on lake ecosystems is challenging. It requires an understanding of processes that operate on interannual and decadal time scales from the examination and analysis of historical records. These include both long-term data sets from monitoring programmes and palaeo data sets from sediment records. Long-term observational records for lakes are becoming increasingly long and most lakes contain conformably accumulating sediments that can be used to reconstruct lake history in substantial detail (Smol, 2008) . In some instances there are now substantial time overlaps between observational time-series and the record of change in recent sediments enabling the former to be used to verify the latter (Battarbee et al., 2005a) .
In this chapter, we review evidence for the impact of human activity on lakes based on evidence from their sediments, and where appropriate, from long-term time series. The quality of the evidence from sediment records varies, for example, in terms of the preservation of biological remains and the temporal resolution of the sediment record, but palaeoecologists have an increasingly large range of analytical and dating techniques to call upon (e.g., Smol et al., 2001 ) and in most cases analyses can be extended back beyond the range of historical observations providing unique insights into the history of lake ecosystems.
We consider here how human activity has altered lake ecosystems with respect to the principal stresses they face. These include eutrophication, acidification, salinisation and contamination by toxic substances, and we compare their status at the present day with conditions prior to the main impact of human activity, often referred to as reference conditions (cf. Bennion and Battarbee, 2007) . In each case we briefly outline the key processes that are operating, we illustrate evidence for their impact using examples from lake sediment records and consider problems for the future, especially with regards to the potential impact of climate change. The examples used are mainly from sites in temperate latitudes.
NUTRIENTS
The two key nutrients that are essential for life in freshwater ecosystems are phosphorus (P) and nitrogen (N). Phosphorus compounds are usually measured as total phosphorus (TP) and soluble reactive phosphorus (SRP) and nitrogen is usually measured as total nitrogen (TN), ammonia (NH 3 + ), nitrate (NO 3 -) and nitrite (NO 2 ). Phosphorus is commonly the growth-limiting nutrient in freshwaters, exerting a strong control on species composition and primary productivity. Nitrogen can also be a limiting or colimiting nutrient with phosphorus. In particular, nitrogen can be important such that blue-green algae blooms occur in low N:P waters and there is evidence for nitrogen limitation in upland waters (Maberly et al., 2002) . The general pattern in temperate, stratifying lakes is for phosphorus concentrations to be at their highest during the winter and their lowest in spring when physical conditions limit algal growth, and in summer when nutrient uptake is at a maximum. In shallow, enriched lakes, internal cycling of phosphorus can result in highly variable phosphorus concentrations, often with summer peaks when phosphorus is released from the sediments under anoxic conditions. Nitrogen concentrations in temperate lakes typically experience winter maxima, followed by a period of low concentrations through summer and autumn, a pattern usually attributed to increased rates of NO 3 -N assimilation by algae throughout the growing season.
The problem of cultural eutrophication
The process of nutrient enrichment of waters is known as eutrophication. Early limnologists considered eutrophication to occur naturally and slowly over thousands of years. However, human activity has accelerated this process, leading to enrichment over time scales of decades. It has been recognised as a global problem since the 1960s, the chief cause being excess nutrient input from agricultural runoff and urban wastewater. The consequent high algal biomass leads to filtration problems for the water industry, oxygen depletion, recreational impairment, loss of biodiversity, fish mortality, and decline or loss of submerged plants. During the 1970s, attention was particularly drawn to the problem of phosphorus enrichment, and research focused on the relationship between phosphorus loading and algal biomass to predict the impact of nutrient levels on water quality (Vollenweider, 1968) . Cultural eutrophication remains one of the foremost environmental issues threatening the quality of surface waters.
Identifying evidence in sediment records
Palaeolimnological studies provide the opportunity to assess the onset, extent and causes of lake eutrophication. Until the 1990s, studies focused largely on changes in diatom species composition in sediment cores in response to lake enrichment. By the late 1990s transfer functions were being generated to reconstruct past lake TP concentrations from changes in diatom assemblages allowing baseline TP concentrations and the degree of enrichment to be estimated (Hall and Smol, 2010) . A range of other fossil groups have been employed to assess lake response to eutrophication. Cladocera (microscopic crustaceans) can be used to infer changes in fish population density and habitat shifts, particularly in shallow lakes (e.g., Jeppesen et al., 2001 ) and chironomids (Diptera), representing the benthic-epiphytic invertebrate community, have been used to reconstruct lake trophic status (e.g., Brooks et al., 2001 ) and oxygen conditions (e.g., Quinlan and Smol, 2001) . Plant macrofossils can be employed to determine the past composition, structure and dynamics of in-lake macrophyte communities, particularly the fate of submerged vegetation as lakes become increasingly productive (e.g., Davidson et al., 2005) . Algal composition and past primary production can be inferred using fossil pigments of photosynthetic organisms (e.g., Leavitt et al., 1989) . By using several fossil indicators from a range of food-web components, the palaeorecord potentially allows the structural and functional characteristics of pre-enrichment aquatic ecosystems to be reconstructed (e.g., Sayer et al., 1999) .
Geochemical records are also valuable for recording eutrophication histories although interpreting sedimentary phosphorus profiles is difficult due to variable retention and postdepositional diagenesis. Nevertheless, there are some sites in which an accurate, relatively undisturbed record of epilimnetic phosphorus concentrations is preserved. Jordan et al. (2001) employed diatom-phosphorus transfer functions and geochemicalphosphorus measurements in combination with mass balance equations to provide a novel approach to modelling diffuse phosphorus loads to lakes. The sediment record can be used in combination with other methods such as export coefficient modelling to provide multiple yet independent lines of evidence for eutrophication (e.g., Bennion et al., 2005) .
Examples of early eutrophication in agriculturally rich lowland catchments
Some lakes have been subject to nutrient loading over relatively long time scales of hundreds or thousands of years. The study of Lake Dallund Sø, Denmark (Bradshaw et al., 2005) provided evidence of early enrichment during the forest clearances of the Late Bronze Age (1000-500 BC) and the expansion of arable agriculture during the Iron Age (500 BC to AD 1050). More marked eutrophication in the medieval period (c.AD 1050-1550) was observed as a result of further agricultural intensification and the use of the lake for retting. Early land-use influences associated with Neolithic and Bronze Age forest clearance and cultivation were also found in a study of Diss Mere, England (Birks et al., 1995) . However, the most marked increases in diatom-inferred phosphorus were seen in the upper core, highlighting the heavy human impact over the last 150 years. Palaeostudies of this kind are valuable for placing enrichment patterns observed in modern times into a longer temporal context.
Wastewater, detergents and fertilisers
Increased nutrient loading to freshwaters has been brought about by intensified use of lowland landscapes for human settlement, industry and agriculture. The most significant sources of phosphorus pollution are point sources in the form of wastewaters and detergents, whilst the main sources of nitrogen pollution are diffuse run-off of nitrate and ammonia-based fertilisers and animal waste from agricultural land. There are numerous examples worldwide of lakes that have experienced enrichment in recent decades from one or more sources of nutrient pollution. One of the best-documented cases is Lake Windermere, England, where long-term monitoring data track the increase in phosphorus concentrations associated with the expansion of tourism in the region and the installation of major sewage treatment works in 1964 (Talling and Heaney, 1988) . The value of the sediment record for assessing recent eutrophication is illustrated by the diatom study of Lake of Menteith, Scotland (Bennion et al., unpublished) (Figure 27 .1). The first major change in the diatom assemblages occurred in c.1920 (Zone 2/Zone 3) with the appearance of Stephanodiscus hantzschii, a taxon generally considered an indicator of high nutrient concentrations, and a number of other planktonic diatoms. This is reflected in the diatom-inferred TP values which rose gradually between 1920 and the mid-1960s and then increased more sharply after c.1965. Inferred TP values were approximately double those estimated for the pre-1920 period. From c.1980, the plankton-dominated community increased markedly at the expense of the low nutrient taxa (Zone 3/Zone 4). These findings are consistent with the first reports of algal blooms on the lake in the early 1980s. Concerns have been raised about the impact of a commercial trout hatchery which has operated at the site for the last few decades (Marsden et al., 1995) . However, the sediment record indicates that whilst the loch has experienced further enrichment since c.1980 that there was evidence of eutrophication prior to this time with potential nutrient sources including agricultural activities, afforestation, and increased inputs of sewage and phosphate detergents. The relative stability of the diatom community prior to c.1920 suggests that the inferred TP of c.10 µg l -1 for this period can be used as a target value for nutrient reduction.
Restoration measures and their effectiveness
Efforts to restore enriched systems have increased over the last few decades and there are now numerous examples of lakes in recovery. Point-source control at sewage treatment works has been particularly effective at reducing external nutrient loads. Nutrient pollution from diffuse agricultural sources has proved more difficult to control as it is dispersed over large areas. Nevertheless restoration schemes that promote use of buffer strips, good agricultural practice and wetland regeneration, plus legislation have all contributed to the reduction of nutrient loading from agricultural sources (Sharpley et al., 2000) . In deep, well-flushed lakes, eutrophication is often reversed by the reduction in phosphorus inputs alone. In the classic case of Lake Washington, phosphorus concentrations fell dramatically, phytoplankton biomass declined and there were sustained increases in transparency following effluent diversion and treatment (Edmondson and Lehman, 1981) . However, in shallow lakes internal phosphorus loading can delay recovery and external phosphorus reduction is often combined with other management measures such as dredging or biomanipulation . In an analysis Jeppesen et al. (2005) showed that internal loading delayed recovery, but in most lakes a new equilibrium for TP was reached after 10-15 years. The advent of the Water Framework Directive (WFD) with its aim of restoring European waters to good status or better, has increased the need for effective restoration programmes for all lakes. Within the WFD, ecological status is based on the degree to which present day conditions deviate from those expected in the absence of significant anthropogenic influence, termed 'reference conditions'. Consequently there has been a wave of research aimed at defining reference conditions and development of tools for estimating deviation from them. Palaeoecological methods have played a key role, particularly in determining pre-enrichment reference conditions and degree of eutrophication (Bennion and Battarbee, 2007) . The strengths and weaknesses of using a palaeoecological approach to the definition of reference conditions has been reviewed by Bennion et al. (2011) . As many restoration programmes progress, there is great potential to employ a combination of limnological and sediment records to track recovery using the preeutrophication baseline as a benchmark (Battarbee et al., 2005a ).
Forward look and the problem of climate change
In recent decades diffuse nutrient sources have become relatively more significant than urban wastewater pollution and losses from agricultural land are now the biggest challenge. There has been a growing literature on the need to reduce nitrogen loads as well as phosphorus in order to reverse eutrophication, particularly in shallow lakes with moderate phosphorus levels where high summer nitrogen concentrations stimulate algal growth and cause loss of submerged plants (e.g., Jeppesen et al., 2007) . However, in a 37-year fertilisation experiment on Lake 227, Canada, results suggest that controlling nitrogen inputs could aggravate the dominance of nitrogen-fixing cyanobacteria and therefore the need for reduction of phosphorus inputs is argued (Schindler et al., 2008) . No doubt the debate over the relative importance of nitrogen and phosphorus will continue (Smith and Schindler, 2009 ). In the emerging economies of countries such as India and China, nutrient pollution control is only in its infancy and algal blooms arising from wastewater discharges are widespread (e.g., Shen et al., 2003) . On a global scale, therefore, it is very likely that eutrophication will continue to be a growing problem. Climate change is predicted to result in higher water temperatures, shorter periods of ice cover and longer summer stratification. Will these changes exacerbate the symptoms of eutrophication and confound recovery efforts? Models suggest that lakes with long residence times may experience higher phosphorus levels in the future under warmer temperatures (Malmaeus et al., 2006) and shallow lakes may be particularly susceptible. Ecological consequences might include earlier appearance of spring blooming phytoplankton and increased proportions of cyanobacteria. In some systems, negative effects may be compensated by greater predation pressure by zooplankton which is known to be positively temperature dependent. However, fish activity may also increase in warmer temperatures thereby reducing zooplankton populations through increased predation (Moss et al., 2003) . In addition, changes in mixing may influence the availability of nutrients in the photic zone and higher temperatures may enhance sedimentphosphorus release, whilst higher winter precipitation is likely to enhance nutrient loss from cultivated fields (see Battarbee et al., 2008b for a review). Models that predict likely outcomes of climate change on nutrient regimes will play a vital role in improving our understanding of future lake response and in guiding management decisions (e.g., Whitehead et al., 2006) . Whilst sediment records cannot be used in a predictive capacity, they provide an opportunity to validate hindcasts derived from dynamic models (Anderson et al., 2006) . They should, therefore, play an increasingly important role in assessing uncertainty associated with future predictions.
ACIDITY
Lake water pH varies enormously from exceptionally acidic volcanic crater lakes with pH values as low as 2 through to soda lakes with pH values above 10 (cf. Wetzel, 1975) . Most lakes, however, have pH values between about 5.5 and 8.5, regulated by the carbon dioxide-bicarbonate-carbonate buffering mechanism that mainly reflects the geochemistry of catchment rocks and soils. However, pH varies seasonally and intra-annually depending on weather patterns and on in-lake variation in lake metabolism. On longer time scales mean pH can change in response to overall shifts in catchment biogeochemistry related, for example, to longterm base depletion of soils (cf. Renberg, 1990; Whitehead et al., 1989) , changes in catchment vegetation (e.g., Nygaard, 1956) or agriculture (e.g., Renberg et al., 1993a) .
The acid rain debate
Acidification of surface waters as a matter of environmental concern came to attention in the late 1960s and early 1970s when Scandinavian scientists claimed that 'acid rain' was the principal reason why fish populations had declined dramatically in Swedish, Norwegian and Canadian lakes (Almer et al., 1974; Beamish and Harvey, 1972) . The cause of the problem was attributed to the deposition of sulphur and nitrogen compounds from long-distance transported air pollutants generated by fossil fuel combustion, principally from coal-and oil-fired power stations. Alternative explanations were also advanced, principally that acidification was the result of land-use change or due to natural processes (e.g., Pennington, 1984; Rosenquist, 1978) . The debate that followed drew heavily on the use of palaeolimnological research that was designed to evaluate these different hypotheses (e.g., Battarbee et al., 1990; Charles and Whitehead, 1986) . Diatom analysis was the principal tool used to reconstruct pH history of lakes (cf. Birks et al., 1990 ) and the various research programmes sought to compare lakes with different land-use histories, differing sensitivity to acid deposition and receiving differing amounts of acid deposition (cf. Battarbee, 1990; Charles 1990 ).
In the UK one of the first lakes to be studied was the Round Loch of Glenhead in Galloway, Scotland, a lake with a moorland catchment and granitic bedrock. The diatom diagram for a 210 Pb-dated sediment core (Flower and Battarbee, 1983) showed that diatoms characteristic of circumneutral water such as Brachysira vitrea began to decline in the latter half of the nineteenth century and be replaced by more acidophilous species. Acidification continued through the twentieth century and by the early 1980s the diatom flora of the lake was dominated only by acid-tolerant taxa such as Tabellaria quadriseptata and T. binalis. The changes indicated that pH had declined in the loch from around pH 5.5 in 1850 to 4.7 by 1980. As there had been no change in catchment land-use over this time period and the sediment contained high concentrations of spheroidal carbonaceous particles, derived from fossil fuel combustion, the core data provided strong evidence in support of the 'acid rain' hypothesis.
Equally clear changes were observed in the uppermost sediments of lakes in similarly sensitive regions throughout Europe and North America (Battarbee and Charles, 1986; Cumming et al., 1992; Renberg et al., 1993b) . As more sites have been studied and data have accumulated (cf. Battarbee et al. 2011) it can now be demonstrated that the spatial pattern of acidification matches the regional pattern of sulphur deposition, both in Europe and in North America. Strongly acidified sites are only found in areas of high sulphur deposition. In areas of very low sulphur deposition acidification on a regional scale only occurs in the most sensitive areas. At the most remote sites, sensitive sites show no evidence for recent acidification (e.g., Cameron et al., 2002) .
Reference conditions, restoration targets and models
The recognition of the 'acid rain' problem as a major environmental issue in the 1980s led to the introduction of legislation both in North America and Europe to limit the emissions of sulphur and nitrogen gases into the atmosphere from fossil fuel burning. Over the last few decades there has been a very significant reduction in emissions, especially in sulphur emissions, and a number of monitoring schemes have been set up to assess the chemical and biological response of lakes and streams to the reductions that have taken place. The key question now is the extent to which acidified lakes and streams can be restored to 'good ecological health' defined in Europe as a state that is minimally impacted by human activity, also referred to as the reference condition (see previously). While this can be defined using comparisons to the condition of low-alkalinity lakes and streams in nonpolluted regions in the present day, it can also be defined by comparison with the past using palaeolimnological techniques (cf. Bennion and Battarbee, 2007) , as for eutrophication problems. Diatom analysis, in particular, can be used to establish both the diatom assemblages that characterised the preacidification status of acidified lakes or to reconstruct preacidification lake pH values from diatom-pH transfer functions (Battarbee et al., 2008a) . Although there are uncertainties in the transfer function methodology, target pH values can be defined in this way and used as a measure of restoration success.
In the case of the Round Loch of Glenhead, for example, diatom analysis of three sediment cores and three different diatom-pH training sets indicated that the preacidification pH of the lake was between pH 5.5 and 5.8 (Figure 27 .2). Although there has been a slight increase in pH over the last 20 years to approximately pH 5.0 (Figure 27 .2), Tabellaria quadriseptata remains one of the dominant diatoms and Brachysira vitrea is still rare, indicating that only a slight recovery has taken place so far. Diatom-based pH reconstruction also has an important role in helping to improve models that are needed to assess the effectiveness of emissions policies by comparing model output with palaeodata (e.g., Battarbee et al., 2005b) . In the Round Loch example, the diatom-inferred pH data were compared with output from the MAGIC model (Cosby et al., 1985) . The results showed that the model estimates for preacidification pH yielded higher values than the diatom-based reconstructions (Figure 27 .2; Battarbee et al., 2005b) . The mismatch was attributed to a weakness in the model with respect to its treatment of dissolved organic carbon (DOC) and its failure to allow DOC values to be higher under natural conditions in the past (cf. Monteith et al., 2007) .
Influences on restoration success
Although there is evidence that acidified lakes are now beginning to recover as a result of the major reductions in emissions that have taken place (Battarbee et al., 2008a; Dixit et al., 2002; Majewski and Cumming, 1999) , it is not clear whether the recovery process will continue and eventually lead to the re-establishment of preacidification conditions or whether fundamentally new systems will be created. It might be expected that not all taxa lost as a result of acidification will successfully recolonise as alkalinity increases, especially if the ultimate alkalinity increase falls short of the reference target, and water quality improvement might be limited by a failure to reduce nitrate concentrations. Despite considerable reduction in (Curtis et al., 2005) and potentially causing eutrophication. Climate change may also have an influence on recovery, although in certain cases this may be positive. Psenner and Schmidt (1992) showed that the diatom-inferred pH from two cores in the Austrian Tyrol corresponded closely to instrumental temperature records during the nineteenth century before acid deposition became the dominant influence on pH. Sommaruga-Wögrath et al. (1997) , using the same approach but at a higher alkalinity site insensitive to acid deposition, showed that pH increased towards the present day in line with global warming. As sulphur deposition continues to decrease, temperature change may emerge as the strongest driver of lake acidity at such sites and pH values may reach levels only previously experienced in the warmer early Holocene (e.g., Larsen et al., 2006) , potentially higher than nineteenth-century pre-acidification levels. On the other hand, where climate change is characterised by an increase in winter precipitation, as is projected for northwest Europe, pH levels may be depressed, limiting the success of restoration measures. 
SALINITY
Lake salinity strongly influences lake ecosystems not least because of the strength of osmotic pressure on the function of key organisms. As fewer species are adapted to saline waters diversity declines as salinity increases. In freshwater systems salinity has less influence on ecosystem function relative to changes in light, pH and nutrients. While some organisms respond to changes in salinity at low concentrations, several thresholds of salinity tolerance exist in salinity levels between 1 and 10 g/l. In particular the sensitivity of aquatic macrophytes to salinity produces structurally simple lake ecosystems at higher levels. Tolerance to salinity may vary with changing light conditions and with changing brine type with, for example, evaporation series groups defining ostracod faunas (Radke et al., 2002) .
Salinity systems throughout the world: coastal versus inland waters
Cyclic salts bring considerable loads onto land over long time periods but concentrations in rain reduce with distance from oceans, therefore lake systems at altitude tend to be fresh to oligosaline. Notable exceptions are the endoreic lakes of the Andean altiplano that have inherited salts through epeirogenesis and have retained salts due to their closed catchment (Sylvestre, 2002) . Lowland systems are more saline as they accumulate salts shed from catchments, retaining the legacy of past marine incursions, therefore both ground and surface waters are influenced by connate salts. Lakes strongly influenced by both cyclic and connate salts usually retain brine characteristics of the ocean and are often sodium and chloride dominated (Williams, 1981) . Where cyclic salts are derived from large inland lakes, such as in eastern Africa, downwind systems inherit this ionic makeup and may be carbonate or sulphate rich. The chemistry of lakes in volcanic contexts receive geologic salts from their catchment as well as metals or other compounds such as phosphates that may generate naturally eutrophic saline systems (Hammer, 1986) .
Salt lake types
Large playa lakes, such as Lake Eyre and Great Salt Lake, accumulate salts owing to the internal drainage of their catchments. These fill readily because of the amplifying effect of the size of their catchment, yet often exist in arid zones with prolonged water deficit and so are often dry for long periods. Saline lakes also exist in smaller catchments with internal drainage. These include groundwater-window lakes that are formed in depressions developed through interaction with surface saline water tables. Crater lakes, owing to their closed nature and small catchment-to-lake area ratio and relative freedom from the influence of groundwater, are valuable recorders of past climate. These lakes retain salts and their record of lake salinity is an indirect measure of effective rainfall. Lastly, salt lakes include those at the coast that were once open estuaries, but have evolved geomorphically into either closed or intermittently open coastal lakes, or remain as open estuaries regularly flushed by tides. Depending on the nature of the sea connection they can be largely thalassic ecosystems, or protected from tides and so mostly athalassic, yet retain some of the ionic ratio features of a tidal history. Rapid filling in intermittent or ephemeral systems with large catchments allows the lake to remain fresh until the salt crust dissolves elevating salt concentrations. These events can be recognised from beaches of sand formed from the heightened wave energy of the deeper water. Overflow allows for the loss of saline water from the system representing a net loss of salt load. On recession, salts evapo-concentrate and the lake salinity increases with lake depth. As ions have different solubility limits evapo-concentration leads to the precipitation of the salts from least to most soluble. A simple model would follow the progressive precipitation of CaCO 3 , MgSO 4 , and lastly NaCl leading, in turn, to the deposition of calcite, magnesite, dolomite, magnesite and halite. As ions precipitate the lake is relatively enriched in the remaining more soluble ions, generating a correlation between lake salinity and brine type. As the lake level falls there is a strong interaction with the groundwater allowing a salt crust to form. Salts may be deflated from the lake surface and accumulate downwind on source bordering dunes or lunettes. If the water table falls the salt crust may leach from the surface leaving a sodic clay surface that is also readily deflated downwind.
Closed lakes as archives of effective rainfall
In endoreic systems with large catchments there is a considerable amplification effect with rain falling within the watershed funnelling through drainage lines to the lake. In these circumstances lake level can increase rapidly. However, interpreting past rainfall from records is complicated as the area collecting the water volume is unknown. Further, large systems may be strongly groundwater controlled complicating the interpretation of changes of effective rainfall and changing catchment water yield efficiency, which may arise through natural vegetation responses or direct modification by people. These represent complex systems that render the relative influence of climate, vegetation cover and direct anthropogenic catchment change difficult to interpret from the palaeorecord. Some wetlands, for example, may retain surface water due to low evaporation rates even when rainfall is reduced. Also, lakes in high latitudes or altitudes may freshen with increased temperatures owing to increased catchment input through glacial melting (Boomer et al., 2009; Zhang et al., 2004) . Lakes with low catchment to lake area ratios are more responsive to changes to effective rainfall and, in many instances, crater lakes largely removed from regional groundwater, and with a well-defined catchment boundary, act as rain-gauges. Such sites exist in many of the volcanic provinces of the world and long-term climatic variations together with hydrological modelling can be used to infer recent hydrological balance. When compared to previous cycles of change it can be used to estimate the relative contributions of anthropogenic climate change to changes in the lake system (Jones et al., 2001) . Care needs to be exercised in regionally extrapolating results from individual sites as the response may be partly specific to the lake's topographic and groundwater context. Nearby lakes have been shown to operate independently (Fritz, 2008) .
Evidence for changing lake salinity in the sediment record
Analysis of past lake salinity complements other geomorphic evidence for lake level change. Beach ridges, past shorelines and strandlines are used to develop a portfolio of evidence to reconstruct lake level through time (e.g., Magee et al., 1995) . The main features of the sediments analysed are grain size and geochemistry, particularly stable isotopes of inorganic and biogenic carbonates. The 18 O contents reflect the hydrological balance while that of 13 C reflects water mixing and residence time (e.g., Gasse et al., 1987) . Geochemical analyses for elements such as Fe, Mn, Sr, Mg, Ca, and Zn can reflect water and salinity levels, and the relative contributions of ground and surface water. The main biological indicators used have been mostly ostracods and diatoms for which detailed salinity tolerances of common taxa are determined by sampling modern lakes of varying salinity. Halobian systems for classifying diatom species were established as early as 1927 (by Kolbe) and these were widely used owing to the largely cosmopolitan distribution of diatom taxa. Ostracod species-salinity relations were established on a more regional basis due to their more restricted distributions globally. Because of their abundance and species diversity, diatom-salinity training sets were developed (e.g., Fritz et al., 1991) to reconstruct salinity through time from fossil assemblages subsampled from sediment cores extracted from lakes, using statistical methods similar to those for reconstructing TP and pH. Stable isotope and trace element chemistry of ostracod shells is also now widely used based on temperature and salinity controls on their uptake into the shell (Holmes, 2001) . As in sediment-based studies of eutrophication, reconstructions of past salinity have been made more robust by the use of multiple indicators from the same sediment samples (e.g., Gasse et al., 1987) .
Natural variability of saline lake systems through the Holocene
One of the challenges for understanding the impact of humans on saline lake systems is to distinguish direct catchment change from natural climate variability. Even more challenging is to separate out the impact of people on climate change and variability. In both instances records of past lake salinity provide an understanding of historic variability from which recent change can be qualified. Palaeosalinity records attesting to past water balance through the Holocene are now widespread, particularly in the climatically sensitive, semi-arid parts of the world. Where many sites have been analysed across a region, large-scale interpretations can be made that overcome the specific geomorphic and hydrologic conditions at a particular site. In northern Africa, multiple records demonstrate a regional pattern of increasing humidity inducing lake salinity minima by the mid-Holocene (Gasse, 2002) , but rapid drying from 6 to 4 ka BP. These general trends are interrupted by periods of increased lake salinity inferring regional drying phases at 8.2, 7.2, and 4.2 ka BP. Similar patterns of change are documented from saline systems globally. In several instances drying phases have impacted upon human societies such as the collapse of Neolithic civilisations in northern Africa after 5 ka BP. More recent climatic fluctuations reveal regional variations in lake salinity and lake level with outof-phase responses in central African lakes (Fritz, 2008) to the Medieval Climate Anomaly drying, and Little Ice Age wetting, experienced in east African lakes (Verschuren et al., 2000) . Further, decadal changes in salinity reflect recent changes in water balance and reveal the relative magnitude of past and modern droughts (e.g., Verschuren et al., 1999) . These recent changes in climate-driven water availability can be out of phase globally. Since the La Nȋna event of the mid-1970s southeast Australian lakes have fallen and increased in salinity yet, at the same time, the level of Laguna mar Chiquita (Piovano et al., 2004) in the Pampean Plains of Argentina rose generating the lowest salinity concentrations for the last 230 years.
Catchment diversions
The transfer of freshwater from uplands through river systems is the principal means by which floodplain and coastal lakes and estuaries are diluted. Estuaries in particular may be strongly influenced by tidal influx of seawater and the variability in salinity is dependent, spatial and temporally, on the yield of freshwater from the catchment. Coastal lakes, and those in saline floodplains, can be freshened by river input yet may evapo-concentrate salts when the river is disconnected under low flows. In these lakes the natural state and regime of variability is intrinsically linked, not only to the natural variability in river flow, but also the influence of regulation, diversion and abstraction of that flow. Changes to flow by human activity began at a small scale with modification of channels to trap fish, but expanded greatly with the emergence of agriculture, most notably in Mesopotamia and the Indus valley. Reduced river-based freshening leaves tidal and evapo-concentration forces to dominate lake condition (MacGregor et al., 2005) . In closed systems, diversion and abstraction raise lake salinity independent of the rainfall balance as witnessed in east Africa (Verschuren et al., 1999) and the Aral Sea (Boomer et al., 2009) . River impoundments can also impact on floodplain lake systems by raising the lake level rendering hydrologically connected lakes permanent and stable, acting as sediment sinks rather than throughflow systems. Along the Murray River this has accelerated lake sediment accumulation rates but has also induced the net accumulation of sulphurous salts under anoxic conditions. Drought has recently exposed sulphidic sediments and several wetlands have rapidly become both saline and acidic (Gell et al., 2006) .
Problems of salinisation
While there are many instances where river regulation was developed for navigation and domestic water supply, it has widely evolved hand-in-hand with the development of irrigated agriculture, focused in valleys and lowlands to exploit enriched floodplain soils. The application of irrigation water contributes surface water to the ground. The water table rises through saline substrata, dissolving salts en route, bringing saline groundwater within the capillary zone of plants and generating saline groundwater seeps and streams. These problems emerged early in the development of irrigated agriculture quickly impacting on agricultural productivity in the Tigris and Euphrates, and the Indus. Secondary salinisation occurs in dryland circumstances where loss of vegetation cover, particularly in recharge zones, can lead to net increases in the percolation of rainwater into aquifers. In small catchments the distance between recharge and discharge zone is short and the response of the lake or stream can be rapid. One floodplain wetland in the Murray Darling Basin showed signs of salinisation in the late eighteenth century soon after the onset of pastoralism . In large systems there can be a considerable lag in the response but a long and sustained rise in water tables can lead to the upslope migration of the hinge line below which regional groundwaters discharge (Macumber, 1991) . Where this water is saline surface seeps can reactivate and saline drainage can reach channels and be transferred to rivers and lakes. Several wetlands have received saline groundwater disposal under short-term management measures while others denied irrigation return water have rapidly salinised (Gell et al., 2002) .
The application of palaeoecology in assessing natural ecological conditions
The impact of people on the salinisation of freshwater systems is widely recognised and for some decades now, societies have endeavoured to mitigate impacts and restore, or at least rehabilitate, wetlands. This is enshrined in legislation such as the EU Water Framework Directive but can be driven by measures at a range of political and spatial scales. The utility of palaeoecological approaches to identifying 'good ecological condition' under the WFD is detailed by Bennion and Battarbee (2007) . It is applied mainly to lakes but it can also be used to review the ecological character of wetlands including those listed under the Ramsar protocol. In the case of the estuary of the River Murray palaeoecological evidence has shown that the ecological character description at the time of listing under Ramsar reflects recent disturbed states rather than the long-term historic condition (Fluin et al., 2007) . Regulation, diversion and abstraction have caused a coastal lagoon to become hypersaline and the lower lakes to become largely fresh, at variance from their naturally tidal state (Figure 27.3) . In both instances their natural ecological character was wrongly inferred, complicating efforts to remedy for recent degradation.
Forward look and the role of climate change
The influence of the surface and groundwater budget on the salinity of lakes and wetlands ensures that accelerated climate change will inevitably bring further changes in the future. Some lakes are likely to freshen and rise due to increased effective rainfall and others will fall. Strengthening or weakening of monsoons will be important in tropical and Figure 27 .3 Declining representation of thalassic diatoms in the Ramsar wetlands on the lower River Murray: (a) percent marine diatoms in the Coorong, north lagoon and (b) percent estuarine diatoms in southern Lake Alexandrina. The Coorong was a strongly tidal lagoon for 6,000 years but became saline after European settlement and hypersaline after regulation and diversion reduced freshwater inflows. The tidal influence on Lake Alexandrina was less but was lost after the construction of barrages between it and the ocean in 1940. The Ramsar ecological character description reflected the impacted condition in 1985.
Source: Fluin et al. (2007) . subtropical regions. Devils Lake in North Dakota, a lake used to reconstruct past climates by Fritz et al. (1991) , is now overflowing and threatening the local township. The rain-gauge crater lakes in western Victoria (Jones et al., 2001) continue to increase in salinity owing to a decreasing trend in effective rainfall under warming climates. Across China some of the Tibetan Plateau lakes (Zhang et al., 2004) are also falling, yet others, in glaciated catchments, are rising rapidly through increased supply of meltwater. Rapid climate change will inevitably move some wetlands outside their historic range of variability, and represent a considerable additive effect on salinity impacts brought on by more direct catchment modification.
TOXIC SUBSTANCES
Toxic substances in freshwater ecosystems fall into three main classes: trace metals, persistent organic pollutants (POPs), and organometallic compounds. The trace metals of most concern are mercury (Hg), lead (Pb) and cadmium (Cd), although nickel (Ni), zinc (Zn) and copper (Cu) are often included. The EU Water Framework Directive (WFD) names Pb and Ni and their compounds as 'priority substances' while Hg and Cd and their compounds are listed as 'priority hazardous substances' and hence are considered a greater threat. For an organic compound to be classed as a POP, it must fulfil criteria for persistence, bioaccumulation and toxicity (the PBT criteria). Examples include polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs), many organochlorine pesticides (e.g., DDTs; toxaphene) and brominated flame retardants (BFRs; including polybrominated diphenyl ethers (PBDEs)). Many of these compounds are present on the WFD priority lists and comprise the initial 12 compounds of the Stockholm Convention. The main organometallic compounds of concern in freshwaters are methylmercury (MeHg), the biologically available form of Hg and hence the most toxic form in the environment, and tributyl tin (TBT) a powerful anti-fouling biocide widely used since the 1960s (Leung et al., 2007) and linked to adverse effects in many organisms. TBT and its degradation products are also listed as priority hazardous substances by the WFD.
Background concentrations and evidence of early contamination
As all trace elements have natural mineral origins it is essential to determine the level and range of natural inputs to a system in order that the true scale of anthropogenic contamination can be identified. For freshwater ecosystems a background concentration or input flux can be identified from the lake sediment record. In Europe, the anthropogenic lead signal, as determined from an identifiable increase in sediment lead concentration and concomitant decline in 206 Pb/ 207 Pb isotope ratio, may be first detected after c.2000 BC (e.g., Brännvall et al., 2001) and a peak in contamination may be observed in the last centuries BC and early centuries AD as a result of Greek and Roman silver and lead production. The use of lead isotopes in lake sediment studies is particularly useful in identifying early human influence. Natural ratios of the isotope 206 Pb: 207 Pb are generally higher than those of 'pollution lead' and hence a decline in this ratio, simultaneous with an increase in sediment lead concentration, provides strong evidence of anthropogenic influence.
While the earliest records for POPs in the sediment record are generally limited by when they were first produced there are examples of natural and early human production prior to the industrial period. PAHs are produced from the combustion of organic matter and so have a long-term record from 5654-Matthews-Ch27.indd 597 5654-Matthews-Ch27.indd 597 6/25/2011 3:38:54 PM 6/25/2011 3:38:54 PM events such as forest fires. The sediment records of particular PAHs indicative of wood combustion such as retene and the ratio between 1,7-dimethylphenanthrene and 2, 6-dimethylphenanthrene (Fernàndez et al., 2000) can therefore be used as wood combustion indicators. Natural sources of halogenated POPs are more scarce although natural biochlorination in peat bogs (Silk et al., 1997) , forest fires (Harrad, 2001 ) and domestic combustion of coastal peats (Meharg and Killham, 2003) may all provide preindustrial signals of PCDD/Fs in lake sediment cores albeit that the scale is much lower than any industrial contamination.
Post-1800 contamination and food-chain uptake
The Industrial Revolution gave rise to an enormous, and initially uncontrolled, increase in pollutant emissions to the atmosphere and signalled the onset of major contamination by trace metals in surface waters. Starting in the latter part of the eighteenth century the introduction of steam power, fuelled primarily by coal, led to the widespread use of powered machinery, and resulted in vastly elevated pollution emissions and the widespread contamination of the environment. The lake sediment record of contaminants in the form of trace metals (e.g., Farmer et al., 1999; Gallon et al., 2005; Yang and Rose, 2003) and fly-ash particles (Griffin and Goldberg, 1981; Rose, 2001 ) reflect this historical contamination with a marked increase from the early-to mid-nineteenth century.
In the middle decades of the twentieth century two significant developments resulted in a further increase in surface water contamination in many areas. The introduction of tall chimneys at industrial installations from the 1930s led to greatly increased pollutant dispersal and transport and was followed a decade or two later by a major increase in contamination as a result of the introduction of cheap fuel-oil and an increased demand for electricity following the Second World War. In many lake sediment studies a major increase in contamination is observed from this time. However, since the 1970s, there has been a trend towards increased pollution legislation and control, greater fuel efficiency, changes in heavy industrial practices and the widespread introduction of natural gas as a fuel. From the 1970s therefore, trace metal contamination has been observed to decline, particularly in Europe and North America, often by up to 80-90 per cent. In sediment cores these temporal trends are observed as a decline in mercury and lead concentrations (Figure 27 .4) and a reversal of lead-isotope ratios towards more 'natural' values. In developing countries, industrial expansion follows different temporal patterns. In China, for example, increases in emissions and freshwater contamination are observed more recently and increase through to the present (e.g., Rose et al., 2004) .
Although some organochlorine compounds were first synthesised in the late-nineteenth century (e.g., DDT) the contamination of freshwater ecosystems by POPs is essentally a twentieth and twenty-first century phenomenon and this is reflected in the lake sediment record. Temporal trends observed in sediments reflect the sequential nature of synthesis, increased usage and production and then decline following a ban and, lastly, the legacy of persistence. Sediment concentrations of DDT, for example, peak in the 1950s and 1960s when it became central to the World Health Organisation antimalarial programme but declines after this due to concerns over environmental effects and emerging resistance within the insect population. Although no longer widely used, DDT and its degradation products remain ubiquitous within the aquatic environment and the same is true of many other organochlorine compounds The commercial production of brominated compounds such as PBDEs began in the 1970s but penta-and octa-BDE products were banned in the EU from 2004 and a few years later in the US.
Where lakes receive contamination only from atmospheric sources, their sediment archives faithfully record these sequences even when the site is remote from sites of production and application, emphasising the long-range and often intercontinental nature of pollutant transport. Figure 27 .4 shows the temporal trends of mercury, lead, ÂDDT and ÂPBDE for Lochnagar, a remote lake in Scotland (Rose, 2007) . It shows that the historical record for the two trace metals is similar, reflecting the dominance of coal as a major source over much of the period, while the sediment record of the selected POPs shows the sequence of production and usage as described above. Where comparable studies exist a similar succession of contaminant input is also observed (e.g., Pearson et al., 1997; Song et al., 2005) . However, it is the effects of these pollutants on aquatic biota and aquatic food-webs that are the main concern. While all trace metals may bioconcentrate, only mercury, as methylmercury, biomagnifies in the aquatic food chain. Hence, although present as a small fraction (0.1-5.0 per cent) of total mercury in air and water, it represents 90-100 per cent in invertebrates and fish. Furthermore, a piscivorous fish may contain a mercury concentration two to three times higher than a nonpiscivorous specimen of the same age (Rosseland et al., 2007) . Adverse effects of trace metal contamination to aquatic biota includes impacts on growth, development and, in extreme cases, deformity, impacts on reproduction such as reduced brood sizes and for Pb μg g -1 ; for DDT and PBDE units are ng m -2 year -1 . y-axis is date (AD). Hg and Pb data are from Yang et al (2002) ; dates from spheroidal carbonaceous particle analysis (Rose unpublished) ; DDT and PBDE data are from Muir and Rose (2007) . (Leung et al., 2007) , reduced hatching success and transgenerational effects (e.g., deformity in second generation after mercury exposure to the parent). Many POPs accumulate in the tissues of biota due to their lipophilicity and resistance to degradation. POPs may be transported over long distances by repeated volatilisation and condensation cycles (the 'grasshopper' effect) (Wania and Mackay, 1996) and retention of these compounds in freshwater ecosystems is therefore dependent on water temperature. Some less volatile compounds will preferentially remain and accumulate in waters that are colder by virtue of their latitude or altitude, and altitudinal gradients in the concentrations of organochlorines have been observed for both sediments and fish that reflect these processes (Vives et al., 2004a) . However, altitudinal gradients have not yet been observed for PBDEs (Vives et al., 2004b) . Adverse effects of POPs include impacts on all stages of growth and development including reproductive effects, teratogenicity (embryonic effects), neurotoxicity and carcinogenicity (Harrad, 2001) . Further, some POPs including pesticides, PCBs and PAHs may mimic oestrogens or counteract natural hormones and are known as endocrine disruptors (e.g., Matthiessen and Johnson, 2007) . Hormones often act in pg l-1 or ng l-1 levels and therefore these chemical mimics may have an impact even at the remotest sites (Garcia-Reyero et al., 2005) . Their primary action is often on embryos, foetuses or larvae although the full effect may not be expressed until adulthood; for example, the feminisation of male fish.
Forward look and climate change
While there have been significant reductions in the emissions and deposition of trace metals and some POPs over the last 30 years, predicted trends for the future under a changing climate are very uncertain. However, there are three main concerns. First, insecticides and pesticide usage may increase as a result of the increased need to control invasive species and agricultural pests. Second, in a warmer atmosphere those compounds which volatilise readily will be able to travel greater distances prior to deposition. Increasing lake-water temperatures will also reduce the retention of volatile POPs and as a consequence there may be a shift in the altitudinal (or latitudinal) gradients of POPs accumulation (e.g., Grimalt et al., 2001 , Vives et al., 2004a . Third, recent studies have shown that remobilisation of trace metals from catchment soils as a result of soil erosion and, to a lesser extent leaching of metals bound to dissolved organic carbon (DOC), may impact on metal inputs to lakes (Rose et al., 2009 ) and rivers (Rothwell et al., 2007) . These processes are exacerbated by increased winter rainfall, decreased summer rainfall and increased frequency of high intensity rain events. Hence, predicted climatic changes will elevate pollutant transfer from catchments to surface waters. The catchment storage of deposited pollutants is a massive potential reservoir of contamination that may keep contaminant fluxes elevated for many decades and maintain and elevate exposure of aquatic biota to these contaminants. New substances are continually being developed and employed both industrially and domestically. 'Emerging' chemicals of concern include pharmaceuticals and persistent polar pollutants (P 3 ) such as perfluorinated acids (PFAs) including perfluoroocta noate (PFOA) and perfluorooctyl sulphonate (PFOS) used in fire-fighting foams and in oil and water resistant coatings for textiles, paper, and so on. These substances, being polar, are more soluble in water but are toxic to aquatic organisms and accumulate in fish thereby fulfilling the PBT criteria. Their presence has already been reported in many European rivers (Loos et al., 2009 ).
CONCLUSIONS
Lake sediment analysis provides unique insights into the history of freshwater ecosystems giving evidence for the nature and timing of ecosystem change, enabling in many cases the causes of change to be identified and providing a record of human impact that can be indispensable in developing strategies for ecosystem management in the present day. Although the most intense impacts of human activity on freshwater can be shown to have occurred over the last 100 to 200 years, during the Anthropocene, there is clear evidence of some impact as early as the Bronze Age. For most freshwater, the impact has been cumulative with stresses multiplying, intensifying and interacting over time. In the most extreme cases freshwaters have suffered from the combined effects of hydromorphological alteration, eutrophication, long-range transported air pollutants and invasive species. Even freshwater ecosystems in remote regions are not beyond the reach of air pollutants and now global warming has the potential to alter the nature of all systems.
The extent to which freshwaters have been degraded by human activity has been recognised in many regions of the world and legislative programmes are now in force to reduce pollution and restore aquatic ecosystems to good health. However, although there are many individual success stories, especially in reducing the pressures on ecosystems, there is considerable uncertainty about whether restoration targets can be easily achieved. Recovery may be a slow process as ecosystems take time to readjust to reduced stresses, and new pressures, especially from future global warming, may counter restoration strategies, especially those designed to reverse problems of eutrophication and salinisation and reduce the remobilisation of toxic substances. The future shape of freshwater ecosystems is difficult to predict or model. Continued research is needed to understand how these different stresses might interact in future under a range of climate scenarios and high-quality, site-specific monitoring networks will need to be maintained or newly created to constrain model simulations and identify future threats.
